Objective: To examine the effect of an aqueous extract of Radix Paeoniae Alba (RPA) on the formation of calcium oxalate (CaOx) stones and the potential mechanism underlying the effect. Materials and methods: An in vitro assay was used to determine whether the RPA extract prevents the formation of CaOx or promotes CaOx dissolution. We also investigated the efficacy of the extract in vivo as a preventive and therapeutic agent for experimentally induced CaOx nephrolithiasis in rats. Various biochemical, molecular, and histological parameters were assessed in kidney tissue and urine at the end of the in vivo experiment. Results: Significant dissolution of formed crystals (8.99 ± 1.43) and inhibition of crystal formation (2.55 ± 0.21) were observed in vitro after treatment with 64 mg/mL of the RPA extract compared with a control treatment (55.10 ± 4.98 and 54.57 ± 5.84, respectively) (p < .05). In preventive protocols, the RPA extract significantly reduced urinary and renal oxalate levels and increased urinary calcium and citrate levels compared to the control. In addition, the RPA preventive protocol significantly decreased osteopontin expression, renal crystallization, and pathological changes compared to the control. These changes were not observed in rats on the therapeutic protocol. Conclusions: RPA is a useful agent that prevents the formation of CaOx kidney stones.
Introduction
Nephrolithiasis is the third most prevalent disorder affecting the urinary system, and it arises as a result of a cascade of events initiated by supersaturation and followed by crystal nucleation, growth, aggregation, retention, and migration to renal papillary surfaces. 1 Urinary tract stone formation affects people worldwide, sparing no geographical, cultural or racial groups. Almost 80% of all urinary tract stones are predominately composed of calcium oxalate (CaOx). 2 The high recurrence rate of CaOx stones is worrying, and long-term treatment strategies have been inadequate. 3 Although nephrolithiasis has been recognized since ancient times, the mechanism of renal stone formation remains unclear, and there are few available agents that effectively prevent this process. Minimally invasive management techniques, such as percutaneous nephrolithotomy, have been developed over the past two decades, but they can cause serious side effects, such as hemorrhage, infection, and renal fibrosis. Therefore, there is an urgent need to identify therapeutics that effectively prevents crystal deposition and development.
Medicinal plants hold an important role in various ancient and modern medication systems. Even today, the extraction of active agents from plants is economical, and generally the side effects associated with extracted agents are mild. Thus, reagents derived from medicinal plants offer treatment options that may be beneficial for the majority of the world's population. Pharmacological investigations into the use of medicinal plants for traditional antinephrolithic therapy have revealed therapeutic potential in both in vitro and in vivo models.
pharmacology, RPA decoctions are used to treat rheumatoid arthritis, systemic lupus erythematosus, hepatitis, dysmenorrhea, muscle cramping and spasms, and long-standing fever. 8, 9 However, no scientific data are available to establish the beneficial effect of this plant on nephrolithiasis. In this study, we investigated the antinephrolithic effect of an RPA extract on CaOx nephrolithiasis and the possible mechanisms underlying this effect using different models.
Materials and methods

Plant materials and extraction
Because traditional Chinese medicine reagents are typically used after a long decoction, our study used this method to obtain aqueous extracts for further assessments. 10 Methods for extracting active ingredients from plants have been previously described. For the herbs used in this study, 1 kg of raw material was immersed in 5 L of distilled water for 2 h and decocted for 30 min. The supernatant was collected by filtration. Subsequently, the residue was mixed with 3 L of distilled water and boiled again. Finally, two aliquots of aqueous extracts were combined, vacuum filtered, concentrated, and lyophilized. The freeze-dried powder (52 g) was stored in a freezer at À80 C.
Determination of the extract's effect on CaOx crystallization
Calcium oxalate monohydrate crystallization was promoted by mixing calcium chloride (8 mmol/L) and sodium oxalate (1 mmol/L); the final solution contained 200 mmol/L sodium chloride and 10 mmol/L sodium acetate. These concentrations were chosen because they are close to the physiological concentrations of these compounds in urine. The pH was adjusted to 5.7 to mimic the typical pH of first morning urine samples collected from people who tend to form calcium stones. 11 Two tests were performed. In the first test (crystal formation inhibition test), the RPA powder was mixed with crystallization reagents to obtain a RPA concentration of 0-64 mg/mL before crystallization (0 h). As a control, at time 0 h, an equivalent volume of distilled water was mixed with the crystallization reagents. All samples were incubated with agitation at 500 rpm at 37 C for 24 h. In the second test (dissolution test), after crystal formation was induced for 24 h, the RPA extracts were mixed to obtain a concentration of 0-64 mg/mL. An equivalent volume of distilled water was mixed with the formed crystals as a control. An inverted microscope (400Â; Nikon Corporation, Tokyo, Japan) was used to observe crystal morphology and numbers. At 24 h after the addition of the RPA extract or distilled water, five randomly selected fields were observed. For each concentration of extract examined, independent tests were performed in triplicate.
In vivo studies
The Animal Research Committee of Lanzhou University approved all animal experimental protocols, and the procedures were performed in accordance with ethical guidelines for animal care. Male Sprague-Dawley rats (n ¼ 60; aged 7 weeks; weight 180-200 g) were acclimated to room temperature for more than 4 weeks; the rats were fed a standard commercial rat chow during the study. After the acclimation period, the rats were randomly divided into six equal groups. Group A (control group) received distilled water instead of tap water. Groups B-F received 1% v/v ethylene glycol in distilled water for 28 days. Group B served as the control nephrolithic group. Animals in groups C and D were treated orally for 28 days with 220 mg/kg or 660 mg/kg RPA extract in distilled water, respectively, and served as the prophylactic groups. Groups E and F did not receive the RPA extract for the first 14 days and were treated orally with 220 mg/kg or 660 mg/kg RPA extract in distilled water from day 15 to 28; these served as the treatment groups.
Analysis of urine samples
All the animals were housed in individual metabolic cages, and a 24-h urine sample was collected on day 28. The 24-h urine sample was either analyzed immediately or stored at -80 C. Urinary calcium and magnesium levels were measured using an automated analyzer (model 705, SRL, Tokyo, Japan). Urinary oxalate was analyzed by direct precipitation followed by titration, as previously described. 12 Urine citrate was measured with a Citric Acid Enzyme Bio-analysis Kit (Megazyme, Wicklow, Ireland).
Kidney sample collection and kidney homogenate analysis
The animals were sacrificed under anesthesia; both kidneys were removed and washed with cold 0.9% NaCl. The left kidney was cut in half; one half was stored at À80 C for Western blot analysis, and the other half was fixed in 10% formalin, embedded in paraffin, cut into 4-lm-thick sections, and stained for histopathology (hematoxylin and eosin) or immunohistochemistry. The right kidney was minced with scissors and then homogenizedin 0.9% NaCl using a glass homogenizer. The homogenate was centrifuged at 2000 rpm for 10 min in a refrigerated centrifuge to remove cell debris. Tissue calcium and oxalate levels were determined in the supernatant using commercially available kits (Biovision Ltd, Milpitas, CA and Instruchemie Ltd, Netherlands).
Renal crystal deposition
Renal crystal deposits were assessed as follows: no deposits ¼ zero points; crystal deposits in the papillary tip ¼ one point; crystal deposits in the cortico-medullary junction ¼ two points; and crystal deposits in the cortex ¼ three points. If the crystals were found in multiple regions, the points were added together for a total score. 13 
Kidney pathological examination
Pathological changes were semi-quantified using the following scoring system: zero ¼ invisible lesions; one ¼ renal interstitium inflammatory infiltration with lesion area <20% and mild tubular dilation; two ¼ renal interstitium inflammatory infiltration with lesion area <40% and obvious tubular dilation; and three ¼ renal interstitium inflammatory infiltration with lesion area >40% and severe tubular dilation. 14 
Microbiological studies
At the end of the experiment, urine aspirated from the bladder was used to assess microbiological variation. The kidneys were aseptically removed and transected. Half of one kidney was individually homogenized in sterile normal saline solution (5 mL). Before the tissue homogenates were cultured on plates, the homogenates were diluted (10 À1 , 10 À3 , and 10 À5 ), and bacteria were enumerated after correcting for the dilution factor. Standard microbiological techniques were used. Urinary infection was defined as more than 10 5 colony-forming units per mL (cfu/mL) in urine. The presence of ! 10 5 cfu/g renal tissue indicated pyelonephritis. 15 
Immunohistochemistry
Osteopontin (OPN) immunohistochemistry was performed using the streptavidin-biotin peroxidase complex technique and a goat polyclonal antibody against OPN (ab36125, Abcam Inc., Boston, MA). After deparaffinization and dehydration, formalin-fixed, paraffin-embedded sections were incubated in 3% H 2 O 2 in distilled water for 30 min at room temperature, and antigen retrieval was performed by boiling the slides in 0.01 M citrate buffer for 20 min. The sections were washed in 50 mM Tris-HCl containing 0.05% Tween, pH 7.6, for 2 min. To block non-specific binding, all sections were treated with 5% skim milk for 30 min at room temperature. The slides were then incubated with the primary antibody (1 lg/mL for the OPN antibody) overnight at 4 C. The reaction was stopped by rinsing the sections with 0.01 M phosphate-buffered saline (PBS). The slides were then incubated with biotinylated anti-mouse/rabbit IgG serum (secondary antibody), treated with a peroxidase-labeled streptavidin-biotin complex, washed with PBS and stained with DAB.
Western blotting analysis
Kidney tissues were homogenized in lysis buffer. After measuring protein concentration using a bicinchoninic acid (BCA) protein assay kit (Beyotime Institute of Biotechnology, Haimen, China), proteins in the homogenates were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gelelectrophoresis (PAGE) and transferred onto a polyvinylidene fluoride (PVDF) membrane. After blocking in 5% non-fat milk, the membranes were incubated with anti-GAPDH and anti-OPN (1:1000; Wanleibio) antibodies at 4 C overnight. After a washing step, the membranes were incubated with horseradish peroxidase-conjugated secondary antibody (1:5000; Beyotime) for 1 h at room temperature. Enhanced electrochemiluminescence reagent (Wanleibio) was added before the X-ray film was exposed. The protein levels were semi-quantified by gray-scale analysis using a Gel-Pro Analyzer (Media Cybernetics, Bethesda, MD). All target protein values were normalized to GAPDH values.
Statistical analysis
The data are presented as the mean ± standard error and were analyzed using one-way analysis of variance followed by Tukey's test. A p value <.05 was considered to indicate significance.
Results
Effect of the extract on CaOx crystallization
The crystal dissolution test revealed abundant crystals, including claviform CaOx (black arrow), prismatic CaOx (red arrow) and quadrate CaOx (blue arrow) crystals, in the control group (0 mg/mL) (Figure 1(A) ). The addition of 64.0 mg/mL RPA extract to the formed crystals for 24 h significantly decreased the number of crystals (Figure 1(B) and (C) ), and the extract also caused the CaOx crystals to adopt a more claviform shape ( Figure  1(B) ). In addition, the extract had a dose-dependent effect on the number of crystals observed using an inverted microscope (400Â) (Figure 1(C) ).
Crystal number and morphology were similar in the control groups in the two tests. Crystal formation was significantly reduced 24 h after the addition of 64.0 mg/ mL RPA extract to the crystallization reagents at time 0 h (Figure 1(C) ).
Biochemical changes in urine and kidney tissue
As shown in Table 1 , urinary and renal oxalate levels were significantly increased (p < .05) in group B compared with group A. Urinary calcium was significantly lower in group B compared with group A (p < .05), and urinary citrate levels were also lower in group B compared with group A. In groups E and F, the RPA extract significantly reduced urinary and renal oxalate values (p < .05) and significantly increased urinary calcium and citrate. However, the above variables were not significantly improved in groups C and D compared with group B (p > .05).
Renal crystal deposits
As shown in Figure 2 , massive CaOx crystals were observed in the renal tubular lumen of the animals in group B, especially in the proximal convoluted tubule (green arrows) (Figure 2(B) ). The scores were not significantly lower in groups C and D compared with group B (Figure 2(C) ) (p > .05). There were fewer crystal deposits in groups E and F compared with group B (Figure 2(C) ) (p < .05). However, no significant differences were found between groups E and F (Figure 2(C) ) (p > .05).
Histopathological examination
Figure 2(A) shows that pathological changes, such as renal swelling, were not found in the kidneys of the animals in group B, indicating that inducing stones with 1.0% ethylene glycol throughout the entire 4-week experimental period did not lead to gross renal alterations. The gross alterations observed in the kidneys were similar in all groups.
The renal tissue from the animals in group B was severely damaged. Indeed, glomerular degeneration, inflammatory infiltration (red arrows), and enlarged renal tubules with amorphous deposits in the lumen (Figure 2(B) ) were observed. Improvements were noted in the renal tissues from groups E and F; the pathological alterations in the animals in these groups included slight inflammatory infiltration and mild tubule dilation (Figure 2) , and the pathological scores were lower for these groups than for group B (p < .05). However, no significant differences were observed between groups E and F (Figure 2(C) ) (p > .05). The pathological scores were significantly higher for groups C and D than for group A (p < .05) (Figure 2(C) ).
Microbiological studies
As shown in Figure 3 , no rats from group A (0%) developed a urinary tract infection, whereas the urinary tract infection rate was 100% (10 of 10) in group B. After preventive treatment with the RPA extract, the urinary tract infection rate was 20% (2 of 10) in group E and 10% (1of 10) in group F (p < .05 compared with group B). However, the urinary tract infection rates were 80% (8 of 10) and 90% (9 of 10) in groups C and D, respectively (p > .05 compared with group B). The pyelonephritis rates of groups A, B, E, F, C, and D (0%, 100%, 20%, 10%, 80%, and 90%, respectively) were consistent with the urinary tract infection rates.
Immunohistochemical analysis of the kidneys
Immunostaining was used to evaluate OPN production in renal cells in response to hyperoxaluria and CaOx crystal deposition. OPN expression was almost nonexistent in kidneys from normal rats (Figure 4(A) ), but occasional staining was clearly evident in the peritubular region (Figure 4(A) ). In contrast, kidneys from the rats in group B showed marked staining (Figure 4(B) ), with the most noticeable staining on expansive renal tubular epithelial cells (Figure 4(B) ). The increased OPN staining in the renal tubules of groups C and D ( Figure  4 (C) and (D)) was similar to that of group B. However, limited OPN staining was observed in groups E and F (Figure 4 (E) and (F)).
Quantification of renal OPN protein expression by western blotting
OPN protein expression in the kidney was quantitatively analyzed by Western blotting, which revealed a specific band corresponding to a molecular weight of 41 kDa ( Figure 5 ). Densitometry of this band confirmed an increase in OPN protein expression in group B compared with group A (p < .05). This increase was significantly suppressed by preventive treatment with RPA (groups E and F) (p < .05 versus group B). However, OPN expression levels were similar between the therapeutic groups (C and D) and group B.
Discussion
In recent years, various herbal and synthetic medicines have been produced to reduce nephrolithiasis in preventative or treatment settings, but no medication is yet available that completely treats or prevents urinary stones; therefore, some patients require surgical intervention due to large stones that cannot pass. Medications can minimize stone size, break stones apart, or dilate the lumen to better enable stone passage. In this study, we investigated the protective and curative effects of RPA on ethylene glycol-induced nephrolithiasis in rats. We particularly focused on phytotherapy, which is common in traditional medicine and serves as an alternative to primary healthcare.
To investigate the medicinal value of RPA for treatment of nephrolithiasis, we evaluated the antiurolithic activity of a crude extract of RPA using different in vitro assays as well as in vivo using a rat model of nephrolithiasis.
In previous studies, Nishihata et al. 16 reported that the Kampo extracts Takusha and Sanshishi showed obvious inhibitory effects on CaOx aggregation (64.2 and 84.5%, respectively) and on crystal adhesion to Madin-Darby canine kidney cells (54.6 and 88.2%, respectively). However, in our in vitro assays, RPA had a dose-dependent effect on formed crystals. Our crystal dissolution data suggest that the potential activity of RPA as a nephrolithic inhibitor is related to its complexing of Ca 2þ in CaOx embryos, leading to CaOx dissolution. We are unaware of any previous research indicating that components found in RPA extracts could dissolve CaOx. However, it must be recognized that the ionizing ability of RPA in buffer below pH 5.7 may be what enables RPA to interfere with the precipitation and growth of CaOx crystals. Among the various risk factors for kidney stone disease, crystalluria is important for determining the severity and likelihood of disease recurrence. If repeatedly observed in early morning urine samples, crystalluria can predict the risk of stone recurrence in people who tend to form calcium stones. 17 The RPA extract used here both decreased crystal size and caused CaOx crystals to adopt a more claviform shape; such crystals are less likely to adhere to renal epithelial cells than quadrate crystals. 18 Crystal polymorphism plays a significant role in CaOx kidney stones. Quadrate crystals are more stable and more frequently observed in kidney stones than claviform crystals. Macromolecules isolated from the urine of healthy persons inhibit quadrate crystal formation and promote the formation of claviform crystals, which do not readily attach to kidney epithelial cells. 19 This suggests that the formation of claviform crystals protects against kidney stones due to the weak capacity of these crystals to form stable aggregates and adhere to renal epithelial cells, thus potentially inhibiting a key step in stone formation. 20 Additionally, in our experiments, RPA not only dissolved formed crystals but also inhibited crystal formation, which is analogous to the inhibitory effect of Takusha and Sanshishi on CaOx crystal formation. 16 We used an animal nephrolithiasis model to confirm the in vivo efficacy of RPA against kidney stone formation. Animal nephrolithiasis models have been widely used to study the effects of reagents extracted from plants on crystal formation. Xiang et al. 21 found that an N-butanol extract of Urtica dentata hand prevented CaOx deposition and protected renal tissue in a rat nephrolithiasis model. These effects possibly resulted from a combination of the anti-inflammatory and analgesic effects of the extract in combination with its urination-promoting action. However, in the present study, we found that rats with nephrolithiasis showed low urinary calcium and citrate and high urinary and renal oxalate compared to control animals. Oxalate, a far more significant promoter of kidney stones, exhibits 15-fold greater efficacy in the urinary saturation of CaOx compared with calcium. 22 Notably, we did not observe elevated urinary calcium in our rat nephrolithiasis model; on the contrary, hypocalciuria was noted. One possible explanation for this finding is that oxalate combines with free calcium, thereby reducing urinary calcium. However, when urinary oxalate was decreased by preventative RPA treatment in groups E and F, the above process was suppressed, and urinary calcium levels partially recovered. However, no changes were observed in renal calcium. In the kidney, calcium mainly localizes within renal cells, and changing urinary calcium ion concentrations is not sufficient to significantly alter calcium ion levels in the kidney. It has been reported that the main risk factor for recurrent CaOx calculus is hypocitraturia. 23 Urinary citrate can prevent CaOx crystal formation by inhibiting crystal nucleation and growth. 24, 25 Our results showed that urinary citrate levels decreased in the rat nephrolithiasis model. The RPA extract increased the urinary citrate concentration and reduced crystal deposition in the preventive groups compared with group B. Therefore, hypercitraturic activity might represent a potential mechanism for the antinephrolithic action of RPA. Furthermore, emerging evidence indicates that an interaction exists between bacteria and CaOx kidney stones. First, patients with kidney stones are more likely to present with a urinary tract infection than the general population. 26, 27 Second, in previous studies, bacteria could be cultured from 19 to 32% of CaOx stones, and non-urease-producing Escherichia coli was the most common type of bacteria found. 28, 29 E. coli, a major member of the Gram-negative bacterial family Enterobacteriaceae, contributes to a wide range of kidney pathologies, from pyelonephritis to kidney allograft rejection. 30, 31 Chutipongtanate et al. 32 indicated that bacteria can directly promote CaOx formation in vitro in a manner comparable to the stone formation promoted by the membranes of fragmented red blood cells. 33 Although preventive treatment with the studied RPA extract, which contains antimicrobial compounds, could significantly improve urinary tract infections, which may inhibit crystal formation, the RPA extract did not result in such improvements in the present work. Kidney stone formation is a multi-faceted process that includes crystal nucleation, growth, and aggregation in the kidneys, in addition to crystal retention therein. These processes are controlled by various factors, including urinary proteins, which are also major constituents in the matrices of kidney stones. OPN, Tamm-Horsfall protein (THP), bikunin, prothrombin fragment-1, a1-microglobulin, inter-a-inhibitor, and matrix Gla protein are some of the major crystallization modulators. 34 It has been suggested that OPN expression and production play important roles in crystal deposition in the kidney. 35 Studies in rat model shave
shown that OPN expression significantly increases with the development of hyperoxaluria, and further increases were observed after CaOx crystal deposition in the kidney, 36, 37 which is consistent with our results. Surface immobilization of OPN by collagen granules promotes the aggregation and adhesion of CaOx crystals in artificial urine. 38 Knocking out the OPN gene led to decreased CaOx crystal deposition in kidneys of hyperoxaluric mice, a model generated via intra-peritoneal administration of glyoxylate. 39 In addition, in hyperoxaluric rats, OPN coats epithelial cell surfaces, which may promote crystal attachment. 40 Crystal deposition could lead to changes in OPN protein expression, which in turn could promote the formation of urinary calculi, thus creating a vicious cycle. In the present study, we found that preventive treatment with RPA extract significantly decreased OPN expression.
In groups E and F, nephrolithiasis-related indicators were not significantly improved, potentially because the formation of crystals prior today 14 eliminated the targets of RPA. In addition, the number of crystals was not significantly reduced. The etiology of CaOx nephrolithiasis is complex and related to many factors. Improvements in certain indicators may not lead to the minimization or dissolution of formed crystals, as indicated by the observations made on day 14 for groups E and F. Indeed, crystal-related indices did not significantly improve in either of these groups. However, further studies are needed to confirm this hypothesis.
Conclusions
The results of the present study indicate that the use of an aqueous extract of RPA has the potential to prevent kidney stone formation. However, the exact mechanism underlying this protective effect is not completely understood. Further studies should be conducted to better characterize the mechanism of action of RPA in preventing kidney stone formation as well as to evaluate possible toxic effects associated with long-term oral administration of RPA.
Disclosure statement
